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Electrochemical Detection of Peroxynitrite Using a
Biosensor Based on a Conducting
Polymer—Manganese lon Complex
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A peroxynitrite (ONOO™) biosensor has been developed
through the preparation of a new manganese—[poly-
2,5-di-(2-thienyl)-1 H-pyrrole)-1-(p-benzoicacid)|(Mn—pDPB)
complex. DPB monomer was first synthesized and
polymerized for the purpose of providing a polymer
backbone for complex formation with Mn?" ion. The
Mn—-pDPB complex was characterized via Magneto-
motive Force (MMF) simulation, X-ray photoelectron
spectroscopy (XPS), and cyclic voltammetry. The com-
plex selectively enhanced the reduction process of
ONOO™~ which was used as the analytical signal for
chronoamperometric detection. A polyethyleneimmine
(PEI) layer was coated on the complex surface to
increase selectivity and stability. The chronoampero-
metric calibration plot showed the hydrodynamic range
of 2.0 x 10°8-5.0 x 1077 M. The detection limit was
determined to be 1.9 (£0.2) x 107° M based on S/N
= 3. The microbiosensor, fabricated on a 100 gm
diameter Pt tip, was applied in a real rat plasma
sample for the detection of spiked concentrations of
ONOO". The reliability and long-term stability of the
microbiosensor was also examined with YPEN-1 cells
in vitro, and the results shown were promising.

Peroxynitrite (ONOO™) is a very powerful oxidant and
cytotoxic agent produced in biological systems by the recom-
bination of nitric oxide and superoxide anion radical. ONOO~
has been a source of both exciting discovery and vibrant debate
within the broad community of chemically oriented biologists.
Because of the reaction rate of its ubiquitous precursors, one
can expect to always contend with the direct and secondary
reactions of ONOO™. Research in this area has solidly estab-
lished the contribution of ONOO™ to the fundamental regula-
tion of redox-dependent cell signaling,! hemostasis,” and host
defense.® Also, when xenobiotic exposure and inflammatory
responses accelerate the generation of superoxide and nitric
oxide, ONOO™ further contributes to autoimmune, neurode-
generative, apoptotic, genotoxic, and an abundance of target
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molecule reactions that affect all aspects of tissue and cellular
existence.’”® While stabilized as an anion at high pH, ONOO~
has a relatively short halflife (~1 s) under physiological
conditions due to rapid reaction with biological targets and
molecular decomposition via rearrangement or hemolytic
scission.” The most useful markers for ONOO~ formation in
this context are nitration and hydroxylation products and the
dimerization of tyrosine residues.®

The use of synthetic ONOO™ in model systems and the
rigorous use of controls in biological systems (e.g., ONOO~
scavengers and suppression of superoxide and nitric oxide
concentrations) have provided a solid foundation of knowledge
that encourages the significance of this species as a dynamic
redox signaling mediator and, at higher rates of production, a
toxicant.® Thus, it is important to quantify the details of ONOO~
production in biological tissues, including direct measurement.
For detection of ONOO™, a variety of sensor systems has been
developed. Mass spectrometric and immunodetection of nitro-
tyrosine is typically applied for the presence of biological
ONOO~ formation.®*° Other methods have also been developed
for the detection of ONOO™, such as UV—visible spectroscopy,
electron spin resonance spectroscopy, chemiluminescence, and
fluorescence.'~1° These analytical techniques allow the specific
determination of ONOO™, but they are complicated, time-
consuming, and require costly equipment. Otherwise, electro-
chemical methods are most advantageous because of their
simplicity, speed, and sensitivity as well as being able to
perform measurements due to miniaturization of sensor ele-
ments.'® Disadvantages of electrochemical methods include
fouling of the biosensor surface and low selectivity. To
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overcome the shortage of these methods, we synthesized a
new polymer—Mn?* complex to improve selectivity and exam-
ined the reliability of the sensor in ONOO™ detection. The Mn?*
ion can enhance the electron transfer reaction involved in the
degradation of ONOO™ to nitrogen dioxide and nitrate.l” 1
Thus, we tried to utilize this reaction for the detection of ONOO™.

Conducting polymers, having carboxylic acid as a functional
group, can coordinate with a metal ion to form a coordination
complex. Electropolymerization provides one of the in situ sensor
preparation methods, examples of sensory material being conduct-
ing polymers such as polypyrrole!* and polyterthiophene.® These
films can be prepared reproducibly and quite thinly, ensuring a
rapid and stable response of the sensor.2%?! The organic functional
groups, such as amine, imine, and carboxylic acid can be used as
ligands for the metal ion complexation.??%* So far, there are few
reports of the metal ion complex with conducting polymers due
to the weak interaction of conducting polymers with metal ions.?

In the present study, in order to more flexibly control the
orientation of the carboxylic acid groups outward from the probe
surface, we have synthesized a new ligand, 2,5-di-(2-thienyl)-1H-
pyrrole derivative, [ (2,5-di-(2-thienyl)-1H-pyrrole)-1-(p-benzoic acid)]
(DPB). We also studied the preparation and characterization of
the Mn—conducting polymer complex (Mn—pDTB)-coated mi-
croelectrode and its electrocatalytic activity toward ONOO™
reduction. A polyethyleneimmine (PEI) layer was coated onto
the modified electrode surface to increase ONOO™ selectivity
and biosensor stability. The experimental parameters such as
pH and applied potential were optimized. We demonstrated the
biosensor’s applicability to the in vitro determination of ONOO~
in a real plasma sample. In addition, the ONOO™ biosensor
was also applied to stimulated cultured cells, and the validity
of the sensor was evaluated.

EXPERIMENTAL SECTION

Materials. A ter-heteroaromatic (thiophene—pyrrole—thiophene)
functionalized monomer, 2,5-di(2-thienyl)-1H-pyrrole-1-(p-benzoic
acid) (DPB) was newly synthesized through the Paal—Knorr
pyrrole condensation reaction.?® 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), polyethyleneimmine (PEI), dichloromethane
(CH,Cly; 99.8%, anhydrous, sealed under nitrogen gas), hydro-
gen peroxide (30% solution), manganese sulfate, and cocaine
hydrochloride were purchased from Sigma Aldrich (USA).
Tetrabutylammonium perchlorate (TBAP, electrochemical grade)
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was received from Fluka (USA), purified, and then dried under
vacuum at 1.33 x 10° Pa. Disodium hydrogen phosphate,
sodium dihydrogen phosphate, sodium chloride, sulfuric acid,
and ethanol were purchased from Aldrich Chemical Co. (USA).
A phosphate buffer saline solution (PBS) was prepared by
modifying 0.1 M of disodium hydrogen phosphate and 0.1 M
of sodium dihydrogen phosphate with 0.1% sodium chloride.
All other chemicals were of extra pure analytical grade and
used without further purification. All aqueous solutions were
prepared in doubly distilled water, which was obtained from a
Milli-Q water purifying system (18 MQ cm).

Preparation of Peroxynitrite Standard Solutions. ONOO~
was biomimetically synthesized from nitric oxide (NO)2° and
potassium superoxide?” solutions. ONOO~ was also introduced
via a 0.1 mM donor solution of 3-morpholinosydnonimine (SIN-
1).2% The ONOO~ stock solution was stored at —20 °C, and
the concentration was verified by UV—visible spectrometry at
302 nm (¢ = 1670 mol ! L cm™) just before the experiments.?®

Microelectrode Preparation. The Pt microelectrode was
fabricated and subsequently cleaned by cycling the applied
potential between +1.4 and —0.2 V for ten cycles at a scan rate of
500 mV/s in a 0.5 M H,SO, solution followed by washing with
distilled water. It was then used in all subsequent experiments
according to our previous report.>°

Peroxynitrite Sensor Fabrication. The Mn—pDPB complex-
ing solution was composed of 1.0 mM Mn?* and 1.0 mM DPB
monomer together in a 0.1 M TBAP/CH,Cl, solution. Elec-
tropolymerization on the microelectrode surface was performed
by cycling the potential between 0 and 1.4 V two times at the
scan rate of 100 mV/s. After that, the electrode was washed
with CH,Cl, to remove the excess monomer. Gold nanopar-
ticles (AuNPs) were then electrodeposited on the modified
electrode surface using linear sweep voltammetry. PEI coating
was performed by dipping the Mn—pDPB complex-modified
electrode three times in a 1% PEI solution. The modified
electrode was completely dried after PEI coating.

Instruments. A Mn—pDPB complex-modified microelectrode,
Ag/AgCl (in saturated KCl), and a Pt wire were used as working,
reference, and counter electrodes, respectively. Cyclic voltammo-
grams and chronoamperograms were recorded using a poten-
tiostat/galvanostat, Kosentech Model KST-P2 (South Korea).
Electron spectroscopy for chemical analysis (ESCA) experiments
were done using a VG Scientific ESCALAB 250 XPS spectrometer
with a monochromated Al Ko source and charge compensation
(Korea Basic Science Institute, Busan). ChemDraw Ultra and
MM2 software were used for 3D structure stimulation and binding
energy calculation as shown in Figure 1c.

Electrochemical Measurements. Cyclic voltammograms
were recorded for the Mn—pDPB microelectrode from —0.2 to
0.6 V versus Ag/AgCl in 0.1 M PBS at pH 7.4. Chronoampero-
metric experiments were performed by applying the potential of
0.2 V at the Mn—pDPB microelectrode to reduce ONOO™~. A
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Figure 1. (a) Cyclic voltammograms recorded for the electropolymerization of DPB monomer in a 0.1 M TBAP/CH,CI, for three consecutive
potential cycles. (b) CVs of the Mn—pDPB complex-modified surface without peroxynitrite (0 «M), in the presence of peroxynitrite (46 uM), and
only on the pDPB surface. (c) 3D image stimulation and calculated MMF energies of Mn—pDPB structure.

freshly prepared 4.0 mL aliquot of 0.1 M PBS was added into
the electrochemical cell, and the steady-state current was
monitored with the Mn—pDPB microelectrode at the optimal
pH and temperature. Consecutive injections of varying amounts
of ONOO™ into the cell and their amperometric responses were
monitored. In in vitro experiments, there was a three-electrode
configuration where the ONOO™ microbiosensor, Ag/AgCl
electrode, and Pt wire were used as the working, reference,
and counter electrodes, respectively. All biosensors were
calibrated at 25 + 1 °C.

Blood Plasma Sample. The rat blood plasma real sample
was prepared according to the following procedure; at first, 2 ug/
mL heparin was added to the rat blood samples to prevent
coagulation. The blood plasma was then centrifuged for 15 min
at 4000 rpm. The liquid was then centrifuged twice at 10 000 rpm
for 15 min each time before the experiments.

Cell Culture Sample. YPEN-1 glioma cells (American Type
Culture Collection, anassas, VA) were cultured in Dulbecco’s
Modified Eagle’s Medium (Gibco), supplemented with 15% fetal
calf serum (Gibco), 0.1 mM mercaptoethanol (Sigma), 0.1 mM
nonessential amino acids (Gibco), 100 U/mL penicillin, and 100
mg/mL streptomycin (Gibco). Briefly, cells were trypsinized and
suspended in 10 mL of differentiation medium (Iscove’s Modified
Dulbecco’s Media), 15% FBS, 2.0 mM L-glutamine, 0.1 mM

nonessential amino acids, 100 U/mL penicillin, and 100 mg/mL
streptomycin and cultured in 100 mm nonadhesive Petri dishes
to allow cells to aggregate and form embryoid bodies (EBs). The
medium was replaced every 2 days. Cells were plated on 0.1%
gelatin coated Petri dishes.

RESULTS AND DISCUSSION

Preparation and Characterization of the Mn—pDPB Mi-
croelectrode. The schematic representation of the preparation
of the Mn—pDPB complex on the electrode is shown in Scheme
1. The nanoparticle comprised conducting polymer layer onto a
microelectrode was obtained through the electropolymerization
reaction of 1.0 mM DPB monomer containing 1.0 mM Mn?" in a
0.1 M TBAP/CH,Cl, solution by cycling the potential between
0 and 1.4 V two times at the scan rate of 100 mV/s. As shown
in Figure 1a, an increasing reduction and oxidation peak for DPB
with each potential cycle was obtained at 570 and 950 mV,
respectively, after the oxidation of monomer at +900 mV. Redox
peaks for Mn?* ion were not clearly shown because DPB has
redox peaks of a much higher magnitude than Mn?* due to
the relatively low electroactivity of Mn?" in nonaqueous
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Scheme 1. Fabrication Steps of Mn—pDPB Modified Electrode and Reaction Mechanism Scheme of the Mn—pDTB

Modified Electrode with ONOO~

1.0mM Mn(l), m
pH5.5 s

O=N-0-0, ,O-O-N=O
A\
Mn?* Mn2*

solution.®! After that, the electrode was washed with CH,Cl,
to remove the excess monomer. Gold nanoparticles (AuNPs)
were then electrodeposited on the modified electrode surface.
The Mn—pDPB modified electrode was coated with a film of
PEIL The modified electrode was completely dried after PEI
coating. Figure 1b shows the CVs recorded for a Mn—pDPB
complex-modified electrode (dotted line) in a phosphate buffer
solution (PBS) of pH 7.4. A redox peak was clearly observed at
+550/4200 mV vs Ag/AgCl. The redox peak was not observed
when the CV was recorded for a mere pDPB-coated electrode as
shown in Figure 1b (dashed line). This indicates that the redox
peak originated from the Mn species complexed with pDPB. The
anodic peak at +550 mV corresponded to the oxidation of Mn?*
to Mn®*, whereas the cathodic one at +200 mV corresponded
to the reduction of Mn®** to Mn?*. It was previously reported
for a MnO, film-modified CPE system used to study Mn
oxidation states which showed a reduction signal at +300 mV.*2
In this case, the signal was attributed to formation of lower
oxidation state manganese oxides. Above 400 mV, reoxidation
of these oxides to MnO, occurred. The oxides (+400 mV)
showed a similar oxidation potential to ours (+550 mV), but
the reduction potential of our system (+200 mV) was different
from the oxide system. This indicates that the oxidation of
Mn?* to Mn®*" is similar, but the reduction of oxidized Mn
species is a little different due to the different coordination
environment in our Mn—pDPB complex system. When
ONOO~ (46 uM) was added in a 0.1 M phosphate buffer
solution at pH 7.4, there was a slight positive shift in the
reduction peak, showing the interaction of Mn attached on the
pDPB (Figure 1b, bold line). The three possible 3-dimensional
structures of Mn—pDPB were emulated by ChemDraw Ultra in
simulation, and their stabilized molecular energies were calculated
using Magnetomotive Force (MMF) as shown in Figure 1c. The
most stable molecule was shown to have molecular binding energy
of 83.924 kcal/mol corresponding to C sharing a double bond with
2 O atoms, each subsequently linked to Mn?* ion.
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The cathodic and anodic peak currents were dependent on
the scan rate (data not shown). The electron transfer rate constant,
k, for this process was determined to be 2.73 s~! with the
Laviron equation,®® which shows a 5-fold enhancement in the
ONOO™ reduction process due to the presence of Mn?" ion
involved in electron transfer compared to the previous
reports.'®!® The maximum surface coverage of the complexed
Mn?" on the pDPB film at the optimized condition was
estimated using the following equation:**

I, = n’F*vAT /4RT

where I, is the peak current, # is the number of electrons, F'is
the Faraday constant, R is the gas constant, 7" is temperature,
v is the scan rate, A is the area of the electrode, and T is the
surface coverage of Mn?" species. The surface coverage of the
complexed Mn?" species was estimated to be (5.01 + 0.13) x
10~ mol/cm? from the oxidation process of Mn?* to Mn®*.

ESCA Characterization of the Mn—pDPB Complex. To
characterize the modified surfaces, ESCA analyses were carried
out as shown in Figure 2. Figure 2a shows the survey spectra
obtained for pDPB (dashed line) and Mn—pDPB complex-
modified surfaces (solid line). The pDPB-coated surface did not
show any peak for Mn, whereas the Mn—pDPB complex-modified
surface showed two Mn2p peaks, indicating that the Mn?" species
was present in the Mn—pDPB complex-modified surface.>® The
O1s spectrum shown in Figure 2b for the pDPB-coated surface
exhibited a peak at 532.0 eV (dashed line), which corresponded
to the C—0 bond. The peak shifted to a higher energy of 532.6
eV (solid line) after complexation. This indicated that the complex
formation between Mn?* and pDPB occurred through the
formation of Mn?"—0 bonds. The ESCA spectra of Mn2p peaks
in Figure 2c for the Mn—pDPB complex-coated surface were
recorded before any redox potential was applied to the electrode.
The Mn2p spectrum exhibited two peaks at 641.2 and 652.9 eV
which corresponded to 2ps/» and 2p,,» environments, respec-
tively. To identify the oxidation states of Mn species during
the redox reaction, ESCA spectra were taken for the Mn—pDPB
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Figure 2. ESCA analysis of pDPB-coated (dashed line) and Mn—pDPB complex-modified (solid line) surfaces; (a) survey spectra, (b) O1s
peaks before (dashed line) and after (solid line) complexation with Mn?*, (c) Mn2p peaks before application of any potential, and (d) Mn2p
peaks of the Mn—pDPB complex-modified surface after oxidation at +550 mV (solid line), oxidized Mn—pDPB complex surface after reduction

at +200 mV (dashed line).

complex-modified surface after oxidation at +550 mV and for
the oxidized Mn—pDPB complex modified surface after reduc-
tion at +200 mV. As shown in Figure 2d, the Mn 2p;,, peaks
after oxidation, belonging to the Mn**—pDPB complex modi-
fied surface, appeared at 642.9 and 641 eV, which corresponded
to the Mn®* and Mn?" species, respectively. After reduction,
the Mn 2p;,, peaks appeared at 654.2 and 653 eV, correspond-
ing to the Mn®* and Mn*" species, respectively.® This clearly
showed that Mn?* was first oxidized to Mn®* and then reduced
back to Mn?" after reacting with ONOO™. Thus, the redox
Mn?*/Mn®' couple chemically adsorbed on pDPB was involved
in the ONOO™ detection process.

Optimization of Analysis Parameters. To optimize the
sensing condition of the ONOO™ microbiosensor, the pH effect
of the medium and the applied reduction potential were studied
on the basis of the electrochemical reduction of ONOO~ with
the Mn—pDPB modified electrode. The pH effect on analytical
sensitivity was studied in the pH range of 4.0—9.0. The
response current increased as media pH increased from 4.0 to
7.0 and then showed a decrease above pH 7.5 (Figure 3a).
However, the current response did not decrease significantly
between pH 7.0 and 7.5. Since the physiological pH in the brain
is considered to be 7.4, the calibration experiments were done at
pH 74.

The temperature dependency tests were carried out using the
Mn—pDPB modified electrode at temperatures of 20—60 °C, as

shown in Figure 3b. The biosensor response decreased as the
temperature increased over 25—60 °C. Hence, all subsequent
experiments were performed at the optimal temperature of 25 °C.

The effect of the applied reduction potential on the chrono-
amperometric response was also studied for the electroreduction
of ONOO~ with the Mn—pDPB modified electrode. The current
response increased as the applied potential went from 0.6 V to
less positive potentials up to 0.2 V, where the maximum
response was observed. This tied in well with the cyclic
voltammetric results in that the ONOO~ showed a reduction
peak at the same value of 0.2 V. The application of more
negative potentials up to —0.2 V showed declining current
response (Figure 3c). Therefore, the Mn—pDPB modified
electrode was polarized at 0.2 V versus Ag/AgCl in the chrono-
amperometric experiments.

Interference Effect and Selectivity. Oxygen, peroxide, or
superoxide species interfere with ONOO™~ detection due to their
similar molecular size and the fact that they are precursors or
byproducts of interlinked biological processes.! Thus, there is
a need to eliminate these interfering species. Of the ion
permeable polymers, PEI does not allow cations to permeate
through. In addition, the PEI layer also prevents microelectrode
fouling due to nonspecific adsorption of proteins and other
biological materials present in the brain.?® In order to remove
interference from positively charged species and ensure long-
time stability, a thin PEI film was coated onto the Mn—pDPB
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Figure 3. Optimizations of experimental conditions of the OONO™ biosensor; (a) pH, (b) temperature, and (c) applied potential.

surface of the electrode. The selectivity of the Mn—pDPB
modified electrode was evaluated with chronoamperometry in
the presence of oxygen and other reactive oxygen species, such
as hydrogen peroxide and superoxide as shown in Figure 4a.
Figure 4a showed a small response to oxygen in the chrono-
amperogram where oxygen was present in the PBS solution (when
no purging was performed with nitrogen). There was little
interference when varying amounts of other compounds such as
hydrogen peroxide and superoxide were added to the PBS test
solution as shown in Figure 4a. ONOO~ was added in the
solution in increasing amounts (23, 64, and 140 nM), and the
current response of the PEl-coated Mn—pDPB modified
electrode increased gradually, indicating that the modified
electrode can detect ONOO™ more effectively than other
species. To further confirm the response of ONOO™, inhibitory
experiments were performed using a chronoamperometric
technique where a ONOO™ scavenger, such as uric acid,* was
added after four successive additions of ONOO~ standard
solution (data not shown). The response current rose steeply
and then arrived at an increased steady value after each
addition of ONOO~. However, upon adding uric acid, the
current response declined sharply to the baseline value. This
is because ONOO~ was removed from the test solution almost
immediately by uric acid.

Calibration Plot. To calibrate the ONOO™ microbiosensor
for in vitro measurements, the chronoamperometric response
of the Mn—pDPB modified electrode was monitored by
introducing varying concentrations of ONOO~ standard solu-
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Figure 4. (a) Chronoamperomeric measurements for the interfer-
ence effects of different compounds with Mn—pDPB complex-modified
electrode. (b, inset) Amperometric responses for ONOO™ recorded
with Mn—pDPB complex-modified microbiosensor. Applied potential
was set at 0.2 V versus Ag/AgCl. (b) Calibration plot for ONOO™
recorded with a Mn—pDPB complex-modified microbiosensor.

tions. Figure 4b (Inset) showed the typical current—time plots
for the addition of various ONOO™~ concentrations in a 0.1 M



PBS solution during experiments. The applied potential was
set at 0.2 V for the electroreduction of ONOO~ by the
Mn—pDPB modified electrode. The response current rose
steeply and then arrived at an increased steady value after each
addition of ONOO™. Ninety-five percent of steady-state currents
were achieved by the Mn—pDPB modified electrode after about
15 s. Figure 4b showed the calibration plots of the Mn—pDPB
modified electrode obtained during an experiment. Under opti-
mized conditions, the steady-state currents exhibited a linear
relationship with the ONOO™ concentration in the range of 2.0
x 1078—5.0 x 1077 M for experiments. This range is two orders
of magnitude lower than the values in previously reported
electrochemical methods which employed the tetraaminoph-
thalocyanine complex film as a sensing element.!”*® The
electrode was found to be reusable eight times, and the relative
standard deviation was found to be 3.4%, after five experimental
runs. The linear dependencies of ONOO™ concentration gave an
equation of 7, (uA) = (0.298 + 0.16) + (0.157 £0.007) [C] (uM),
with a correlation coefficient of 0.994. The sensitivity of the
ONOO~ microbiosensor was 0.157 + 0.007 wA/uM. The
stability of the ONOO™ microbiosensor was examined using
five experimental runs, and the sensitivity of the ONOO~
microbiosensor was maintained at 86% after two months,
indicating high sensor stability. The detection limit of ONOO~
was determined to be 1.9 (£0.2) x 107 M by the Mn—pDPB
modified electrode based on a five times measurement for the
standard deviation of the blank noise (95% confidence level, &
= 3, n = 5). This was two orders of magnitude lower than
previously reported in in vitro ONOO~ sensing.®”*® Thus, the
highly sensitive ONOO™ microsensor was obtained and used
in experiments.

Response of the ONOO~ Microbiosensor in Blood
Plasma. To examine the validity of the proposed biosensor
for the real sample applications, the determination of ONOO~
released in rat blood plasma was studied. Healthy plasma
sample does not contain ONOO™, so we performed spike
and recovery experiments to examine the applicability of this
ONOO™ sensor in a rat plasma sample. The calibration
method was used to determine ONOO~™ concentration.
Figure 5a shows the amperogram recorded during the addition
of a 1.0 mL of blood plasma sample, followed by adding different
concentrations of a standard solution of ONOO™. The inset of
the figure shows the corresponding standard addition plot.
The linear regression equation was expressed as [, (uA) =
1.57 (20.02) + 0.16 (£0.04) [ONOO~] (uM), with the
correlation coefficient of 0.990, and the relative standard
deviation (RSD) was determined to be 5.8%. The average
concentration of ONOO™ from a rat plasma sample (z = 5)
was determined to be 4.52 + 0.33 «M., which is comparable
to the values previously reported.!®*~%% The ONOO™~ con-
centration recovery was between 95% and 98%, which clearly
indicates the potentiality of this ONOO™ sensor for detection
in real biological samples.
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Figure 5. (a) Amperometric responses (inset) and a standard
addition plot (main) obtained in spiked rat plasma samples. (b)
Chronoamperogram illustrating the variation of ONOO™ concentration
with time when transferred from cell-free HBSS to HBSS containing
107 YPEN-1 cells. (b, inset) Chronoamperograms showing different
ONOO™ concentrations with time in cell-free HBSS (dashed line) and
HBSS containing 107 YPEN-1 cells (solid line).

Cell Culture Sample Analysis. In addition to blood plasma
experiments, the ONOO™~ microbiosensor was also used to
probe the concentration change of ONOO™ in cultured cells.
Figure 5b shows the extracellular signals of rat glioma YPEN-1
cells. The present studies showed that ONOO™ production by
phorbol myristate acetate (PMA)-stimulated cells was induced
by oxidative stress. When the ONOO~ microbiosensor was
removed from the PBS buffer without cells and placed into the
Hank buffer saline solution (HBSS) containing stimulated cells,
a basal level of ONOO~ was detected with the chronoampero-
metric technique. A current response of 1.2 uA corresponding
to 8.0 (£0.5) x 1078 M ONOO~ was elucidated. These data
demonstrated that PMA induced cells to secrete ONOO™. Thus,
the direct in vitro monitoring of cells for ONOO™ related to
oxidative stress will be a useful system for biosensor applica-
tions such as drug screening.

CONCLUSIONS

A peroxynitrite microbiosensor based on manganese ion
(Mn?") complexed onto the nanostructured conducting
polymer (pDPB) was fabricated for the measurement of
spiked peroxynitrite in rat plasma sample as well as for the
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in vitro peroxynitrite detection stimulated by PMA in
cultured cells. The present microbiosensor exhibited a wide
linear range between 2.0 x 1078 and 5.0 x 107 M with a
detection limit of 1.9 (£0.2) x 10~ M. The microbiosensor
was calibrated for experiments. The biosensor surface can
be easily regenerated. The response time of this microbio-
sensor was within 15 s; thus, it can be used to monitor the
extracellular fluctuation of peroxynitrite in biological samples.
The spiked peroxynitrite concentrations were determined
in rat blood plasma. PMA stimulated cells to release
peroxynitrite during oxidative stress. Thus, the peroxynitrite
biosensor could be an effective tool for monitoring changes

10082 Analytical Chemistry, Vol. 82, No. 24, December 15, 2010

in in vitro extracellular peroxynitrite levels in response to
stimulant drug exposure.
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